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Introduction
31
Geothermal energy exploitation with Ground Coupled Heat Pump (GCHPs) is a great opportunity 32 for environmental protection and energy saving for both residential and commercial buildings. A 33 typical geothermal system is based on the realization of horizontal or vertical heat exchanger fields.
34
Horizontal ones are very demanding for available surface area whereas vertical borehole heat 
43
If geothermal piles are considered, the classical models for vertical BHE (infinite line source ILS, 44 finite line source FLS, infinite cylindrical heat source ICS) become inappropriate to describe the 45 heat exchanger thermal behavior with respect to ground. In fact, due to the reduced depth of the 46 pile, the influence of the heat transfer area at the top and bottom end of the heat exchanger becomes 47 relevant and makes the above "slim" models unsuitable for engineering design. Moreover, the 48 presence of the additional thermal capacity of the concrete volume affects the heat transfer. For 49 these reasons, devoted models have to be developed for such a problem.
50
One of the first studies dealing with the present topic was the one by Rabin and Korin (1996) . They HHEs into the ground. The proposed models are of growing complexity and they include the 61 infinite and finite "solid" cylindrical geometries (in which ground is assumed to occupy also the 62 inner cylindrical volume), infinite and finite ring and helix source configurations.
63
Some works combine the conduction heat transfer in the ground with other effects. Moch et al. 
71
In this paper, to simulate geothermal piles with spiral and U arranged pipes, a semi-analytical 
Theoretical background
81
Ground heat exchangers (GHEs) behavior is frequently described in terms of a network of two 82 thermal resistances, the first pertaining to the heat exchanger itself and the second related to the 
96
The temperature field around the GHE can be obtained through both numerical and analytical 97 approaches.
98
In the following the main analytical solutions for describing the effects of heat sources buried in the 
This solution has been the starting point for obtaining further ones for more complex source 115 geometries using the superposition technique.
117
The 
The expression of the ILS solution contains the exponential integral function E 1 , that can be 
Lamarche and Beauchamp (2007) 
In the above expression, ( ) 
Claesson and Javed (2011) reformulated the FLS theory according to new expressions where the 152 distance D of the line source from the ground top surface (buried depth) can be taken into account:
The Infinite Cylindrical Source model (ICS) refers to a geometry in which the source is an infinitely 158 long hollow cylindrical surface. The ICS case was analytically solved by Carlslaw and Jaeger
159
(1947), either considering the heat rate boundary condition or the temperature one. Solving these 160 problems they provided the G and F solutions, as described below: reasons new specific models are needed. In this section cylinder, ring and helix heat sources are 185 considered according to the geometries described in Table 2 . 
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In the following, the models are briefly illustrated. For the finite length models, the ground is These models consider the coil pipe as a helix buried in the ground around a vertical axis with a 216 fixed coil pitch p.
217
The Infinite Spiral Source (ISS) solution is: 
ISCS FSCS IRS
FRS ISS FSS
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Present study method: the multiple point source model (MPS)
230
In this paper a semi-analytical method is presented, suitable to model any GHE geometry, Recalling the solution for the Single Point Source (Eq.2) one obtains:
Finally, the average temperature excess related to all the j ground positions taken into account can 244 be evaluated as follows: 
304 305
The evaluation of the Temperature Response Factor Γ for the HHE is carried out by increasing the 306 number of PS for each ring, up to N PS = 140, with a corresponding parameter ∆s/r b = 1 (Table 4) . The calculated values are reported in Table 4 and show that, decreasing the parameter ∆s/r b from 2 320 to 1 does not produce a relevant change in the Γ value, with a relative error equal to 0.9%.
321
Therefore, it is possible to consider as general criterion the value ∆s/r b = 2, with a good compromise 322 between accuracy and computational time savings. 
346 347
To further validate the suggested method, the temperature response factor Γ obtained with the MPS Comsol FEM model has been built on purpose: a constant heat transfer rate condition has been 366 imposed to ring external surface and the temperature field (in time and space) has been calculated.
367
From the average temperature along rings at given distance (0.02 m), the TRF of the present heat 373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389 
392
Geometrical parameters are given in figure legend.
393
In Figure 
Results
402
The great advantage of the MPS method is that it allows generating heat sources of any shape, thus 403 offering a terrific flexibility.
404
In geothermal pile applications, it is possible that the piping is arranged not as a spiral around the piles. Unfortunately, they are complicated to be used and strictly associated to a particular 444 geometry, i.e. a particular shape of the pipes arrangement around the pile.
445
In this paper, a new semi-analytical approach (Multiple Point Source method) has been proposed.
446
The algorithm is based on the spatial superposition of the analytical solutions related to a system of 447 single point sources arranged along a path describing the pipe shape. After an extensive analysis on 448 the sources discretization, the method has been validated against analytical methods for a helix heat 
454
The proposed method is simply to use, effective and very flexible to be applied to other geometries, i.e. other pipes arrangements around the pile. As an example, the paper compares the ring coil 
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• Geothermal piles are heat exchangers integrated in the foundations of the buildings
• They have low aspect ratio and high heat capacity in the inner cylindrical volume
• It is not possible to use classical analytical solutions
• A new semi-analytical method called multiple point sources (MPS) is proposed
• The method has been validated against analytical and FEM models
